A bacterial cell has many different two component systems (TCSs) that allow it to sense and adapt to various environmental stimulations, such as temperature, oxygen concentration, degree of acidity and alkalinity [1] . Each TCS is composed of a sensor histidine kinase (HK) and a response regulator (RR) [2, 3] .
To investigate TCSs in a systematical way, we built light-sensing TCSs in E. coli by reengineering wild-type HKs. A modified HK is composed of two parts, the light-sensing domain from Cph1 and the conserved HK core domain from the wild-type HK, which enables the switch of the original TCS to the mode of light control [4] (Fig. 1a) . GFPuv serves as an indicator to investigate whether a constructed Cph1-HK fusion gene is capable of responding to red light. We adopted a three-step procedure to construct the chimeric Cph1-HK fusion genes (Fig. 1b) . First, the plasmid pCph1-1 was constructed by inserting the light-sensing domain of Cph1 into the backbone vector pSP73 (Promega). The light-sensing domain was cloned from the N-terminal 514 amino acids of the Cph1 gene from Synechocystis PCC6803 [6, 7] . Then, the conserved HK core sequence was PCR-amplified from the E. coli DH5a genomic DNA (Supplementary Tables 1 & 2 online) , and ligated to pCph1-1 to yield the pCph1-2 plasmid. Finally, the pCph1-3 plasmid was constructed by inserting the specific promoter sequence recognized by the cognate RR, RBS, reporter gene GFPuv and the terminator sequence into pCph1-2 (Fig. 1b) . For a certain HK, we generated three to five Cph1-HK constructs with different linker length by extending flanking sequences when amplifying the conserved HK core domain from the E. coli DH5a genomic DNA. For each HK, pCph1-E, a blank control of pCph1-3, was built. The plasmid pCph1-E is almost the same as the corresponding pCph1-3 plasmid, except that it does not carry the light-sensing domain and the conserved HK core domain.
Since the light-sensing related reactions are absent in E. coli, two additional phycocyanobilin-biosynthesis enzymes, heme oxygenase (Ho1) and phycocyanobilin ferredoxin oxidoreductase (PcyA) [8] , are needed. We constructed the plasmid pPCB based on pSTV28 (TaKaRa). The two enzymic genes were cloned from Synechocystis [5] into pPCB, so that the heme-to-PCB conversion is under the control of P ara/lac promoter (Fig. 1c) [4] .
For each Cph1-HK construct, pPCB and pCph1-3 were co-transformed into the corresponding HK-null strain. The bacteria were cultured in double resistant LB plate with ampicillin (25 lg/mL) and chloramphenicol (34 lg/mL) for 12 h. Single colonies with green fluorescence were cultivated in 3 ml fresh LB culture medium for overnight. The overnight culture was diluted into ten tubes, each contain 2 ml new LB medium with 0.5 mmol/L IPTG and the OD 600 reaching 0.01 ± 0.005. All tubes were cultured in the thermostatic mixing device (eppendorf), with a half exposed to red light (620-650 nm) and the rest half in dark. After 10 hours' culturing, samples were taken every 30 min until the 12th hour. For each sample, 200 mL bacterial liquid was transferred into a 1.5 mL EP tube and cleaned with double distilled water for twice. Finally, the bacteria were re-suspended in 100 mL double distilled water for measuring GFPuv fluorescence intensity. The receiving wavelength is from 500 to 550 nm and the exciting wavelength is 365 nm.
We built eight light-sensing TCSs by reengineering the corresponding HKs (Fig. 1d) . The screening results for Cph1-UhpB fusion proteins were displayed in Fig. 1e -h. As shown by the blank control experiments (Fig 1h) , there is no notable difference for the expression behaviors of GFPuv in the light and in the dark. The C2 construct exhibits similar GFPuv expression tendency under the two different conditions, indicating that it is incapable of responding to red light (Fig 1e) . Although the C3 construct shows an apparent response to light from the 10th to 11.5th hour, the response is unstable and come close to that of the dark environment at the 12th hour (Fig 1f) . In contrast, the expression of GFPuv is stably and significantly higher for the construct C4 when it was exposed to red light (Fig 1g) , which demonstrates that the corresponding Cph1-UhpB fusion protein is an effective light-sensing HK. Similarly, we screened for the best light-responsive HKs from the other seven TCSs including PhoR-PhoB, YedV-YedW, RstB-RstA, GlrKGlrR, CusS-CusR, PhoQ-PhoP and CpxA-CpxR ( Supplementary  Fig. 1 online) .
Systems and synthetic biology are close related fields of biological study. The former aims to uncover the design principles of biological components and systems, while the latter attempts to design new functional biological parts, devices and systems based on existing natural biological entities or from ground up. As an application, we investigated the characteristics of the UhpB- system by using the light-responsive Cph1-UhpB C4 construct as a tool (Fig. 1i-l) .
The frequency response of a system to stimulus is a fundamental property of the system. It reflects the working range of the system in frequency range. We measured the frequency response of the UhpB-UhpA system to different input frequency. The experiments is the same as described above except that all the tubes were kept in the dark after IPTG induction for 10 h before being exposed to three continuous on-and-off cycles of the red light.
Three on-and-off frequencies of the red light were investigated in our study, including 1/4800 Hz, 1/3600 Hz and 1/2400 Hz. In each cycle, the red light is on in the first half of the time and off in the last half. That is, the red light is on and off for 40, 30, 20 min for the case of 1/4800 Hz, 1/3600 Hz and 1/2400 Hz, respectively. Samples were taken at different time points and the GFPuv levels were measured until the third cycle was finished.
When the frequency is 1/4800 Hz (Fig. 1i ) and 1/3600 Hz (Fig. 1j) , a periodic up-and-down change of the GFPuv level was -h) give the time response curves of four different Cph1-UhpB constructs (C2, C3 and C4) and the blank control. The horizontal axis is the duration of IPTG induction. The vertical axis represents the fluorescence intensity of GFPuv (mean ± sd from at least three independent experiments). The red and dark lines show the fluorescence intensity of GFPuv under the conditions of being exposed to red light or kept in dark, respectively. (il) The response of the light-sensing UhpB-UhpA system to red light with different frequency of input signal. The horizontal axis is the duration of IPTG induction. The bacteria were exposed to on-and-off cycles of the red light after 10th hour, the starting point of the horizontal axis. The vertical axis represents the fluorescence intensity of GFPuv. Values depicted in graps represent the mean from at least three independent experiments with standard deviations (error bars). The light-sensing UhpB-UhpA system can respond to red light with such as (i) 1/4800 and (j) 1/3600 Hz. However, it becomes nonresponsive when the frequency increases to (k) 1/2400 Hz. (l) The frequency response of the UhpB-UhpA system exhibits the feature of a low-pass filter.
presented, lagging behind the on-and-off cycles of the red light. The result demonstrated that the UhpB-UhpA system could respond to the input signal. In contrast, when the frequency went up to 1/2400 Hz (Fig. 1k) , the up-and-down behavior of the GFPuv disappeared, which means the system has no response to input stimulation. These results indicated that this system is a low-pass filter that favors stimulations with low frequency (Fig. 1l) .
In this study, we constructed a series of light-responsive HKs from several different TCSs of E. coli. The optogenetics approach brings us a unified framework to simulate various external stimulus of different TCSs in a simple and controllable way. As demonstrated in this study, a successfully constructed chimeric Cph1-HK fusion protein served as a light-responsive substitute for the wild type HK. In this study, different lengths of the linker sequence were screened to find a suitable one. Also, due to expression leakage and accumulation of GFPuv, the blank control plays a critical baseline to evaluate the responsiveness of different Cph1-HK constructs and determine an appropriate culturing duration. It is worth mentioning that this powerful tool also enables us to investigate TCSs from new perspectives. For instance, the low-pass behavior of UhpB-UhpA to different stimulation frequency. Similar phenomena had been reported for the high-osmolarity glycerol (HOG) mitogen-activated protein kinase (MAPK) pathway in the budding yeast [9, 10] . These studies give insights into the mechanism during information transmission across the signaling pathways. Besides, due to its unique frequency response properties, a light-sensing TCS might be a potential part for building artificially designed biological systems in the future.
